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Chimie-Physique, Faculte´ d’Orsay, Orsay cedex, France; and §CNRS, Orsay, FranceABSTRACT In this report, we demonstrate that the internal disulﬁde bridge in human neuroglobin modulates structural changes
associated with ligand photo-dissociation from the heme active site. This is evident from time-resolved photothermal studies of
CO photo-dissociation, which reveal a 13.45 0.9 mL mol1 volume expansion upon ligand photo-release from human neuroglo-
bin, whereas the CO dissociation from rat neuroglobin leads to a signiﬁcantly smaller volume change (DV¼ 4.65 0.3 mLmol1).
Reduction of the internal disulﬁde bond in human neuroglobin leads to conformational changes (reﬂected by DV) nearly identical
to those observed for rat Ngb. Our data favor the hypothesis that the disulﬁde bond between Cys46 and Cys55 modulates the
functioning of human neuroglobin.Received for publication 30 November 2009 and in ﬁnal form 19 April 2010.
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doi: 10.1016/j.bpj.2010.04.033Here we report the influence of the internal disulfide bond on
the conformational changes associated with the dissociation/
rebinding of carbon monoxide to neuroglobin (Ngb). Ngb
is a heme protein found predominantly in the brain tissue
of mammals (1). Despite the very low sequence homology
between Ngb and Mb (~16%), Ngb’s 3D structure displays
a characteristic globin fold with several unique features
(2,3). In the resting state the Ngb’s equilibrium is strongly
displaced toward the oxidized form (Fe3þ) rather than the
reduced (Fe2þ) one (3). Moreover, the heme iron in the ferric
and ferrous protein is six-coordinated with His64 occupying
the distal coordination site. The distal His can be readily dis-
placed by O2 or CO. Indeed, Ngb binds O2 with relatively
high affinity (1-2 Torr) (3). In vivo and in vitro studies
have established that Ngb plays a role in the neuronal
response to hypoxia and ischemia (4,5), although the molec-
ular mechanism of the Ngb protective function remains
unclear. Several plausible mechanisms have been proposed
and are summarized in a recent review (5).
Wakasugi et al. (6) have reported that ferric Ngb binds to the
a-subunit of heterotrimericG protein (Gai) and inhibits the rate
of GDP/GTP exchange, whereas the CO bound adduct does
not show a significant affinity for Gai, suggesting for Ngb
a role as an oxidative stress-responsive sensor. Glu53 and
Glu60, identified as possible interaction sites between Ngb
and the Gai subunit (7), are located within a region formed
by the CD-loop and the D-helix that undergoes a ligand-
induced displacement in the crystal structure of the CO bound
protein (3).Moreover, two cysteine residues (Cys46 andCys55)
situated within the CD-loop/ H-helix region in human Ngb
(hNgb) form an internal disulfide bond that increases Ngb’s
affinity for O2 by 10-fold. It is believed that this regulation
occurs via disulfide bond induced alterations of the distal histi-
dinedissociation rate (8). The internal disulfidebond inhNgb is
conserved among different species with exception of rodentNgbs that carry aCys46/Glymutation. To investigate the role
of the internal disulfide bond on structural changes associated
with ligand dissociation/binding to Ngb, we have employed
photoacoustic calorimetry (PAC) and transient absorption
spectroscopy (TA) to determine time-resolved volume and
enthalpy changes coupled to theCOphoto-dissociation and the
rate constants for CO rebinding to hNgb, hNgb reduced with
DTT (hNgbred), Cys55/Ser hNgb mutant (Ser55hNgb), rat
Ngb (rNgb), and Gly46/Cys rNgb mutant (Cys46rNgb) con-
taining an engineered disulfide bond. Indeed, in the absence of
a 3D structure for hNgb with a native disulfide bond, there is
very little information regarding the impact of the internal
disulfide bond on the conformational state ofNgb. The absorp-
tion spectra of ferric, ferrous and CO bound adducts of rNgb,
hNgb, and mutants are superimposed, indicating that mutation
of residues in position 46 or 55 does not modify the heme
pocket (data not shown). A representative PAC trace for CO
photo-dissociation from hNgb and the reference compound,
Fe(III) tetraphenylsulfonato porphyrin (Fe4SP), are shown
in Fig. 1. The sample and reference acoustic traces overlay in
phase indicating the absence of volume/enthalpy changes in
hNgb sample on a time-scale between ~50 ns and ~5 ms, sug-
gesting that the CO photorelease occurs with t< 50 ns. Like-
wise, no phase-shift between the sample and reference trace
was detected for the ligand dissociation from all samples
studied (data not shown). The volume and enthalpy changes
takingplacewithin 50ns upon ligandphoto-releasewere deter-
mined from a plot of the ratio of sample amplitude (S) to refer-
ence amplitude (R) scaled to the photon energy at 532 nm (Ehn)
versus the temperature dependent factor (Cpr/b) (Fig. 2),where
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FIGURE 1 PAC signal for CO photo-dissociation from hNgb and
for the reference, Fe(III)4SP, at 20C. Conditions: Sample: 20 mM
Fe2þhNgb in 50 mM Tris buffer pH 7.0 and 1 mM CO.
TABLE 1 Reaction volume and enthalpy changes determined
for CO photo-dissociation from Ngb.
DV (mL mol-1) DH (kcal mol-1)
hNgb 13.45 0.9 20 5 4
hNgbred 4.45 0.3 19 5 2
Ser55hNgb 7.15 0.7 19 5 2
rNgb 4.65 0.3 19 5 2
Cys46rNgb 10.35 0.6 19 5 4
Biophysical Letters L17Cp is the heat capacity, r the density, and b the expansion coef-
ficient (9). For events that occur with quantum yield (F) less
than unity, the reaction volume and enthalpy changes are
obtained by scaling to F (9). The thermodynamic parameters
for CO photo-release from Ngb, obtained using F ¼ 0.68
(10), are listed in Table 1. F for the bimolecular CO dissocia-
tion is the same for rNgb and hNgbbased upon a comparison of
the amplitude of the absorbance changes upon ligand photo-
release at 436 nm (data not shown).
Similar values of enthalpy changes (~19 kcal mol1) were
found for all samples. This value is close to the enthalpy
change determined by PAC for CO photo-release from
heme model complexes with imidazole as a proximal ligand
(DH ¼ 17 kcal mol1) (9), suggesting that the observed
enthalpy change reflects the cleavage of the Fe-CO bond,
whereas the concomitant structural changes (see below) are
predominantly entropy driven. The reaction volume change
corresponds to differences in the partial molar volumes of3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
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FIGURE 2 Plot of (S/R)Ehn for CO photo-dissociation from hNgb
(solid squares), rNgb (solid circles), Cys46rNgb (solid triangles),
Ser55hNgb (open triangles), hNgbred (open circles).the products and reactants and can be expressed as: DV ¼
VCOþVNgb –VCONgb, where VCO is the partial molar volume
of CO (30 mL mol1 (9)), and VNbg and VCONgb correspond
to the partial molar volume of the ligand free, five-coordinated
Ngb, and CO bound Ngb, respectively. Therefore, CO photo-
dissociation from hNgb is associated with the overall
structural volume change (DVstr ¼ VNgb – VCONgb) of -
17 mL mol1. A more negative structural volume change
(25 mL mol1) was detected for rNgb and hNgbred.
Engineering of the disulfide bond into rNgb structure in
Cys46rNgb mutant leads to the structural volume change ap-
proaching to that of hNgb (DVstr¼20 mL mol1) whereas
Ser55hNgb mutant displays a more negative volume change
than hNgb WT (DVstr ¼ 22 mL mol1).
Recently, kinetics for CO migration between Ngb internal
cavities were reported to occur on 100 ns timescale (11).
Those kinetics were not resolved in PAC measurements
due to the very low fraction (< 10%) of ‘‘CO trapped’’ inter-
mediates. The fast ligand photo-release thermodynamics
observed in PAC indicates that the major fraction of CO
escapes from protein through a direct pathway (either perma-
nent or transitory) linking the Ngb heme binding pocket with
the surrounding solvent. To further investigate the impact of
the internal disulfide bond on the conformational dynamics
of ligand binding in Ngb, the rate constants for CO binding
to the heme iron were also determined using time-resolved
absorption spectroscopy (Fig. 3) . As with other six-coordi-
nated hemoglobins, CO rebinding to Ngb is a biphasic
process with the first phase reflecting CO rebinding to a pop-
ulation of five-coordinate deoxy Ngb and the slow phase0 50 100 150 200 250 300 350 400
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FIGURE 3 TA traces for the slow phase of the CO rebinding to
Ngb. Conditions: 40 mM Ngb, 50 mM Tris pH 7.0, 0.1 mM CO at
35C. The data were normalized to the amplitude for the slow
phase. The systematic oscillation is due to the PMT noise.
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L18 Biophysical Letterscorresponding to a population of protein in which the
intrinsic ligand (i.e., His64) has rebound (8). The rate for
the second process is governed by the thermal dissociation
of distal histidine side chain from the heme iron. The rate
constants determined for the fast and the slow phases are
summarized in Table 2. The presence of the disulfide bond
only moderately impacts the observed rate constants for
the fast process and the reported values match well those
determined previously (8). Our data show that the rate
constant for CO rebinding to six - coordinate heme is two
times smaller for samples missing the internal disulfide
bond (rNgb and Ser55hNgb) compared to hNgb and
Cys46rNgb in agreement with the previously published
data (8).
The PAC results clearly indicate that the presence of the
internal disulfide bond modulate overall structural changes
associated with the transition from six-coordinate CO bound
Ngb tofive-coordinate deoxyNgbby~8mLmol1.An overlay
of the structure of the ferrous and CO bound rNgb reveals that
ligand binding to the heme iron leads to the repositioning of the
heme prosthetic group, reshaping of the internal cavity, and
displacement of structural elements including the EF- and
CD-loops (3). Molecular dynamic studies have suggested
that the disulfide bridge restrict the flexibility of Ngb structure
including CD-loop region and A, C, and E helices and modu-
late the volume of internal cavities (12,13). In addition, the
heme sliding mechanism proposed in rNgb structure was sug-
gested to be protein dependent (12,13,14). Such restricted
structural dynamics due to the disulfide bridge may then trans-
late into the smaller overall structural volume changes deter-
mined for hNgb relative to rNgb or hNgbred. Ser55 in hNgb
structure may form a hydrogen bond with Cys46 and stabilize
the CD loop resulting in smaller structural volume change
determined for Ser55hNgb compared to hNgbred. Considering
the high sequence identity between hNgb and rNgb (94%),
the fact that the structural volume change observed for the
Cys46rNgb mutant does not match that for hNgb is somewhat
surprising. This result points out that other factors, in addition
to the disulfide bond, may contribute to the difference between
the overall volume changes measured for hNgb and rNgb.TABLE 2 The rate constant for the fast phase (kfast) and slow
phase (kslow) of CO rebinding to Ngb. Conditions: 40 mM Ngb,
50 mM Tris pH 7.0. kfast was determined at 1mM CO and 20
C
and kslow at 0.1 mM CO and 35
C to increase the yield of bis
histidine form of Ngb.
kfast (mM
-1s1)* kslow (mM
-1s1)
hNgb 62 0.100
Ser55hNgb 65 0.052
rNgb 70 0.051
Cys46rNgb 45 0.105
*An additional phase with rate constant of 10 mM-1s1 and amplitudes
of 10% for hNgb and rNgb, and 38% for Cys46rNgb was observed for
CO rebinding to ﬁve-coordinate heme. The error of the rate constant is
10% of the observed value.
Biophysical Journal 99(2) L16–L18In summary, the data presented here illustrates that the
overall volume change associated with the CO dissociation
varies between hNgb and rNgb and that the presence of
the internal disulfide bond modulates, to some extent, the
magnitude of the overall structural changes in Ngb upon
ligand binding/release. On the other hand, the presence of
the disulfide bond fully contributes to the increased rate
constant for distal histidine dissociation in hNgb relative to
rNgb. Moreover, CO escape from the protein matrix is
significantly faster in Ngb relative to myoglobin implying
a distinct mechanism of ligand-protein interaction between
these classes of proteins leading to a unique function of
Ngb in neuronal tissue as compared to myoglobin.ACKNOWLEDGMENTS
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